Glucose phosphate isomerase (EC: 5.3.1.9) (GPI) is a dimeric enzyme which catalyses the interconversion of fructose-6-phosphate and glucose-6-phosphate. It is determined by an autosomal locus which has been assigned to chromosome 19 (McMorris et al., 1973) . Several electrophoretic variants have been identified in population studies on normal healthy subjects in addition to the common phenotype GPI 1 (Detter et al., 1968; Shinoda, 1970; Tariverdian et al., 1970; Welch, 1971; Omoto and Blake, 1972) . The variant alleles are mostly rare with the exception of GPI3 which reaches polymorphic frequency in some Indian populations (Blake et al., 1971) .
Some electrophoretic variants are associated with deficient activity of GPI and may manifest with nonspherocytic haemolytic anaemia. The affected subjects may be homozygous for the variant allele causing GPI deficiency, for example, GPI Espeln, also known as phenotype GPI 9 .
In other cases, patients have been shown to be heterozygous for two different variant alleles both associated with GPI deficiency, for example, GPI Seattle, also known as phenotype GPI [9] [10] Detter et al., 1968) . In some other cases, Received for publication 30 August 1978 the product of the variant allele is indistinguishable electrophoretically from normal, and indeed sometimes the alleles appear to be 'silent'.
The various reports of GPI deficiency associated with haemolytic anaemia were reviewed by Paglia and Valentine (1974) . Several new cases have been identified since then; for example, GPI Utrecht (van Biervleit, 1975) , GPI Nordhorn (Schroter et al., 1974) , and GPI Barcelona (Kahn et al., 1977) , and the genetic and molecular basis for haemolysis because of GPI deficiency has been reviewed recently (Kahn et al., 1976 (Kahn et al., , 1977 Schrbter and Tillmann, 1977) . Most of the cases are relatively mild, but there is a report of a family from Kentucky in which 3 of 4 affected children in a family of 8 died, one at the age of 11 days (Hutton and Chilcote, 1974 ).
A family is described here in which 2 sibs have had severe congenital non-spherocytic haemolytic anaemia because of deficient activity of GPI shown by electrophoresis, and G6PD and PK activities were normal in both parents. Heinz body stress tests were also normal.
RESULTS OF ENZYME STUDIES
The clinical picture suggested a congenital red cell defect as the cause of haemolytic anaemia. However, the obvious common causes were excluded by the investigations on the cord blood and the parental blood samples. As the parents wished to have children and wanted to have further advice, red cells from both of them were sent to one of the authors (PE) for assay of other enzymes of the glycolytic pathway. The results of these studies showed that both parents had about half the normal level of red cell GPI activity, whereas the activities of the other enzymes tested, and the levels of various glycolytic intermediates including 2, 3 DPG, were normal.
A detailed investigation of the properties and activity of GPI in the parents and the first baby was then carried out using red cells and white cells from the parents and the placenta, which had been stored deep frozen since the delivery. These results are summarised in Table 1 . It was confirmed that the parents had about half the normal red cell GPI activity; the placenta had only a quarter of the activity of a control placenta. The father's white cells showed reduced GPI activity compared to the control, but the heat stability of the enzyme in the father's white cells was similar to the control. In contrast, the GPI in the mother's white cells and the placenta was thermolabile compared with the enzyme in appropriate controls. The full heat inactivation profiles are shown in Fig. 2 . Michaelis constants and pH optima of the GPT in crude white cell extracts from both parents were within normal range, and so was the Km F6P for the placental GPI.
On starch gel electrophoresis ( Fig. 3a) and isoelectric focusing, the red cell GPI from both parents was indistinguishable from the common isozyme pattern, phenotype GPI 1. The white cell extracts from the father also showed the common GPI 1 isozyme pattern. However, in the mother's white cells a variant component was seen in addition to the usual isozyme. This variant isozyme was more cathodal than the normal isozyme in the Tris/ chloride pH 8 6 buffer system, but less cathodal in the Tris/citrate pH 8-6 buffer system. Furthermore, the variant isozyme from the mother's white cells was unstable to heating at 50°, in contrast to the GPI 1 isozyme in the white cells of the mother, the father, and the control (Fig. 3b) . Starch gel electrophoresis of the placenta showed a heat labile variant isozyme exactly comparable to that seen in the white cells of the mother. There was also a weak isozyme with the same electrophoretic mobility as GPI 1 and of normal heat stability (Fig. 3c) .
These results show that the mother was heterozygous for the common GPI1 allele and a variant allele which determines a heat labile, electrophoretically-distinct form of GPI. The Exchange transfusion was carried out at 3 hours with 200 ml A Rhesus negative packed red cells. The baby had rapid shallow respiration, but did not require high concentrations of oxygen. An x-ray showed cardiac enlargement and confirmed gross hepatic enlargement. Over the next 5 hours the abdomen became soft, the liver slightly smaller, and it became possible to feel an enlarged spleen.
Plasma unconjugated bilirubin rose to a maximum of 200 ,umol/l, but after the first 24 hours the bilirubin was predominantly conjugated. After exchange transfusion the baby's haemoglobin level rose to 11 * 5 g/dl and the reticulocyte count fell to 2 to 3 %, but rose again to 29 % at one month. His haemoglobin initially remained high, but at just over 1 week dropped again to 8 g/dl and subsequently continued to fall slowly. Urine samples collected on the second and third day showed a relatively normal pattern of organic acid excretion, though gluconic and glucaric acid were somewhat raised.
He was discharged home at 1 month at a weight of 2-68 kg and a haemoglobin level of about 6 g/dl. He was feeding on his own satisfactorily. He was followed twice weekly thereafter. By 6i weeks his haemoglobin had fallen further to 4 9 g/dl, despite iron, folate, and vitamin supplements. At this time he had begun to tire on feeding, so he was given a blood transfusion to a Hb level of 15 g/dl. By 11 weeks his Hb had again dropped to 5-4 g/dl and he received a further transfusion. His growth and development are otherwise normal.
GPI ASSAYS
The results obtained on the cord blood and the placenta from case 2 confirmed the findings on the amniotic cells (Table 2 ). There was severe deficiency of GPI and the isozymes were indistinguishable by electrophoresis and heat stability from those seen in the placenta of case 1, and in the amniotic cells from case 2.
MERCURY ASSAYS
Because the mother had worked as a dental nurse during her first pregnancy, it was suspected that she might have been exposed to mercury vapour from the amalgam used for tooth fillings. Such intoxication, if it occurred, might exacerbate the effects of GPI deficiency and contribute to the more severe degree of haemolysis seen in the first baby. Accordingly, placental samples from both pregnancies were kindly assayed for mercury by Professor D. G. Wibberley of the University of Aston. His reported findings are shown in Table 3 .
FAMILY STUDIES
Results of GPI assays on red cells from various members of the family are given in Fig. 1 . In addition to the parents, levels in the heterozygote range were observed in maternal sibs 11.3 and 11.4 and in one subject in the earlier generation 1.3. Discussion The severity of non-spherocytic haemolytic anaemia has varied in reported cases of GPI deficiency. Most cases have been diagnosed during childhood and those patients who have had a splenectomy have shown reduced haemolysis and dependence on transfusion, with the sole exception of GPI Utrecht in which there is also a unique susceptibility to the effect of drugs and infections (Helleman and van Biervliet, 1976) . Less common are the more severe cases which present with neonatal jaundice (Paglia et al., 1969; Miwa et al., 1973a, b) , which may even require exchange transfusion, and in one case (Hutton and Chilcote, 1974 ) GPI deficiency has resulted in neonatal death. As far as we can ascertain, of the two affected sibs presented here, case 1 is the first instance in which haemolysis has been so severe as to result in hydrops fetalis.
In this family both parents appear to be heterozygous for a different GPI variant allele associated with deficiency of the enzyme. The variant allele, when in heterozygous combination with the common (GPI1) allele, does not result in any clinical abnormality. The sibs inherited both the variant parental alleles and were thus heterozygous for two different Detter et al., 1968; Blume et al., 1972; Engelhardt et al., 1973; Schr6ter et al., 1974; van Biervliet et al., 1975; Kahn et al., 1977) . In this case, there was no parental consanguinity as has been seen in several families with apparent homozygosity of affected subjects (Paglia et al., 1969 (Paglia et al., , 1975 Arnold et al., 1973 Arnold et al., , 1977 Nakashima et al., 1973; Beutler et al., 1974; Hutton and Chilcote, 1974; Kahn et al., 1978) .
Both sibs in this family were heterozygous carriers of the same two variant alleles at the GPI locus, and it is difficult to be sure why the first child was relatively more severely affected than the second. One possibility which has been explored is mercury intoxication of the mother during the first pregnancy, when she was working as a dental nurse. The presence of mercury could have exacerbated the severity of the haemolytic disorder in the first baby. However results obtained from placental mercury estimations (Table 3) suggest that this was not the case.
The organic aciduria detected in the first affected child was probably secondary to this infant's moribund state at the time of birth. The relatively normal urinary organic pattern in the second child excludes any abnormality characteristic of this disorder.
The maternal variant GPI showed normal Michaelis constant and pH optimum, but marked heat lability and altered electrophoretic mobility on starch gels in the buffer systems used. Since previously reported 'electrophoretic variants with abnormal heat stability have not been examined in these two buffer systems, it is not possible to say whether they are identical with this particular heat labile variant (Hutton and Chilcote, 1974; Schr6ter et al., 1974; Paglia et al., 1975; Kahn et al., 1976 Kahn et al., , 1978 . The father's GPI showed normal Michaelis constant, pH optimum, heat stability, and electrophoretic mobility. His low GPI activity was probably the result of a variant allele which determines a form of GPI with low specific activity, which is indistinguishable from the usual GPI 1 isozyme by the tests used. Table 4 .
Antenatal diagnosis of GPI deficiency early in pregnancy has not previously been reported for the obvious reason that, on the basis of cases reported so far, when properly treated it is only rarely fatal and has a good prognosis. The neonatal death of the first child in this family suggested that the outlook might be less favourable than usual and that antenatal diagnosis should be considered. Since we were uncertain of the prognosis for another affected child, it was decided not to attempt early antenatal diagnosis with a view to termination, but to do an amniocentesis in the third trimester. Thus, if the fetus appeared to be severely affected appropriate measures, such as early induction and exchange transfusion, could be undertaken. In the event, this turned out to be the right decision and the value of late antenatal diagnosis has been shown. It is proposed to increase the amount of blood administered at each transfusion in order to extend the time interval between transfusions without allowing the haemoglobin (GPIP) GPII represents the common allele; GPIM represents the maternal variant allele which determines a heat labile electrophoretically distinct form of GPI; GPIP represents the paternal variant allele which determines a GPI with low specific activity which is indistinguishable by heat stability and electrophoresis from GPII. concentration to fall below a level that will permit normal growth and development. Hopefully, after splenectomy long term transfusion will not be necessary.
It is of interest that though GPI studies on the amniotic cells showed the second child to be affected, this was also strongly suggested by the yellow colour of the amniotic fluid as it was withdrawn and the confirmation that this was because of raised bilirubin. The above procedure is to be recommended in the management of pregnancy where there is a risk of a child with GP1 deficiency. Until the frequency of GPI deficiency as a cause of hydrops fetalis has been determined, it ought to be looked for in all cases of unexplained hydrops fetalis with severe haemolysis. Financial support from the Birth Defects Fund, University College Hospital Medical School for one of the authors (PAR) is gratefully acknowledged. We are also grateful to Dr M. M. Liberman, the paediatrician caring for the two children, for his permission to report the clinical findings and to Dr R. Chalmers for the urine organic acid analyses.
